INTRODUCTION
Laboratory grazing experiments generally rely on algal cell removal to estimate the feeding activity of herbivorous zooplankton, with the underlying assumption that this action does not modify the particles (O'Connors et al. 1976 ). However, a number of observations have shown that this is not always the case, herbivores being able to dismember long algal chains (O'Connors et al. 1976 ) and fragment cells by breaking them open and eating only a fraction of this food (Conover 1966 , Lampert 1978 . The latter process has been termed 'sloppy feeding ' and Williams (1981) has pointed out the scarcity of quantitative data on this process and its possible importance in the microbial food chain. As Cushing & Vucetic (1963) also indicated, 'superfluous feeding', as they termed the destruction of Addressee for reprint requests (hmouski, Canada)
O Inter-Research/Printed in F. R. Germany algae during feeding, will result in liberation of quantities of particulate matter and dissolved organic matter into the water. This process is thus important both from the point of view of accurately determining ingestion and from that of DOM production during grazing (Lampert 1978 , Olsen et al. 1986 , Dacey e t al. 1986 . It is also important in modifying the size spectra of food particles by fragmenting algal cells into smaller-sized debris (or long chains into smaller ones), thus affecting food availability to herbivores of different sizes.
Lengthy laboratory incubations have in many cases been avoided by field measurements of pigment levels in the guts of herbivorous zooplankton (e.g. Mackas & Bohrer 1976) . Comparisons between field and laboratory techniques have however been inconclusive, pointing to our lack of knowledge of the reactions altering algal pigments immediately before, during and after ingestion . 'Sloppy' feeding is a process which might affect results from the 2 tech-niques differently, since if mechanical disruption of the food occurred gut pigments will reflect more what was ingested than will cell removal from the food suspension.
In a n effort to assess quantitatively the importance of 'sloppy feeding', we carried out a series of feeding experiments under conditions favoring its occurrence. Dagg (1974) , in a study of the loss of prey body contents during feeding by a predator, noted that such inefficient f e e d n g behavior was most likely to occur when feeding at the upper end of the prey size spectrum and at high food concentrations. Following such reasoning, w e used a n extremely large diatom cell, at high food concentrations, in order to obtain an upper limit value for particulate debris production, traced with chloropigments. The influence of food cell breakage upon dissolved free amino acids, compounds known to be involved in chemosensory feeding (Poulet & Ouellet 1982 , Gill & Poulet 1988 , was also assessed here.
METHODS
Two zooplankton species were tested: the copepods Calanus helgolandicus (size ca 3 mm) and Temora longicornis (size ca 1 mm). These were net-collected in February 1987 from local waters off Plymouth, United Kingdom, and starved in filtered seawater for 24 h before the experiments. The algal food suspension (ca 5 to 6 cells ml-l) was prepared from a culture of the large diatom Coscinodiscus wailesii kept at the Marine Biological Association laboratory, Plymouth, and diluted with filtered seawater. These cells have a n average diameter of 295 pm, with a thickness of 130 pm. Hence an indication of the relative sizes of grazers and algal diet is given by the fact that the cell diameter represents ca 10 % of the total body length of C. helgolandicus and 29 O/ O of T. longicornis.
Three separate grazing experiments tvere performed under replicated conditions. Each comprised a control bottle (1 1) containing only the food suspension, and a Calanus helgolandicus and a Temora longicornis feeding bottle (1 1) containing both the food suspension and 200 hand-picked specimens (adult females). Incubations lasted 45 min and took place in the dark at l 5 'C with slow rotation of the bottles. This short time period minimized contributions from fecal pellets to the particulate debris pool being monitored since feces production did not start in this time. This approach was also used by Lampert (1978) .
Cells were counted microscopically at the beginning and end of the incubations in samples from every bottle, giving the number of cells consumed in 45 min. The presence of debris was recognized by measuring chloropigments in the particles collected after removing both zooplankton and phytoplankton cells at the end of incubations (on 45 1.tm mesh Nitex) and comparing between control and feeding bottles. Serial filtrations of the full content of each bottle covered 3 size fractions: > 10 pm ( l 0 Km Nuclepore filters), 1 to 10 um (1 Km Nuclepore filter) and 0.7 to 1 pm (Whatman GF/F filter), giving information on the relative sizes of the debris produced. Triplicate samples of each size fraction were taken for pigment analysis but were later pooled for a better chromatographic signal. Copepods removed at the end of the feeding period were separated from phytoplankton cells and also analyzed for pigment. The Coscinodiscus wailesii cultures were sampled just before each experiment to measure ceLlular pigment content, using a variant of Mantoura & LleweLlyn's (1983) technique. A Perkin Elmer Pecosphere C 18 column (3.3 cm, 3 pm) was gradient-eluted with the ion-pairing solution P and a 60 % methanol: 40 O/ O acetone solution (Mantoura & Llewellyn 1984) at a flow rate of 1.5 m1 min-* for 10 min. Detection was done fluorometrically (Dupont 836 fluorescence detector; excitation: 430 nm; emission: > 600 nm). Recovery of pigments on 1 vm and GF/F filters was measured separately on a suspension of manually broken (glass pestle) cells. It averaged 71 % (k 18 %) thus showing that if cells were broken, the filters used would collect most of the broken cell parts, assuming that breakage of cells in this manner produces similar debris to that due to copepods.
Dissolved free amino acids were measured in triplicate samples, from the filtered seawater (FSW) utilized for the preparation of the food cell suspension, and from the filtrates of both the Coscinodiscus wailesii suspension and the suspensions containing the copepods, at the start and at the end of the experiments. Samples were taken at the same time for DFAAs and for pigments, and samples (1 ml) originating from 10 pm Nuclepore filtrates were collected in ultraclean vials and stored at -20 "C prior to analysis of 8 amino acids (ASP: aspartic acid, GLU: glutamic acid, ASN: asparagine, SER: serine, GLN: glutamine, HIS: histidine, GLY: glycine and ARG: arginine) following an HPLC technique (Lindroth & Mopper 1979). Pigments found in the copepods varied considerably from the above results: Fig. 3 shows chromatograms from 200 starved C. helgolandicus (identical for T. longicornis) and 200 of each copepod collected after the grazing session. In this case, chl a is still present (peak no. 4 ) but no longer dominant. Pheophorbide a and pheophytin a (peaks no. 2 and 5) also show up and the amounts of pigment vary according to the zooplankton species, T, longicornis containing considerably more pigment than C. helgolandicus under the same conditions (same number of specimens analyzed). Table 1 summarizes this information. We estimated the importance of particulate debris production due to inefficient feeding by comparing pigment found in the debris (in terms of chl a -the other pigments can be neglected because of their minimal contribution to the pigment pool) with pigments contained in the cells removed from suspension after 45 min feeding. The debris pigments represent the sum of the 3 size fractions used (Table 1 , 'Sum' column), while pigments in cells removed were calculated from the number of cells that disappeared and the cellular content of chl a for Coscinodiscus wailesii, measured before each experiment.
RESULTS AND DISCUSSION

Results
Averaging the 3 experiments, a significant difference in debris production was observed between the grazing and the control bottles for both species (t-test, p < 0.05). Total debris production due to copepod grazing (corrected for debris present in the control bottles) represented 26 % of pigments in cells removed from the flasks for Calanus helgolandicus and 35 YO for Temora longicornis. These losses are somewhat larger than those calculated by Conover (1966) Corner et al. (1972) , studying C. helgolandicus feeding on the diatom Biddulphia sinensis, found no evidence of damage to these cells outside the copepod, and no loss of soluble nitrogen and phosphorus was observed. However, B. sinensis has significantly smaller cells (100 X 4 pm) than those used in our experiments. It is also possible that B. sinensis cells are more difficult to break than those of Coscinodiscus wailesii due to shape or silica valve thickness (Paffenhofer & Knowles 1978) . Our experimental conditions were designed to favor inefficient feeding, thus the loss values obtained probably represent upper limits. We do not expect, but cannot verify, that subsequent feeding on the fragments produced could affect our values greatly, since only 24 O/ O of the cells were removed from suspension within 45 min for C. helgolandicus (14 O/O for T, longicornis) , so that food availability was high during the experiment, making it unlikely that the copepods would encounter fragments more frequently than whole cells.
Losses in the dissolved fraction (i.e. pigments in particles passing through GF/F filters) were not drectly measured but an estimate of these losses was made by mechanically disrupting Coscinodiscus wailesii cells and filtering serially on 1 pm and GF/F filters. Comparison of chl a values for intact cells and debris collected on both filters shows a 7 1 f 18 % recovery of pigment. This value decreased to 60 f 7 % if the broken cell suspension was allowed to age in the dark at 15 "C for 24 h. Thus a maximum loss of 30 % could be accounted for by pigments passing through GF/F filters in our 45 min experiments, assuming similarity of debris production by the copepods and by mechanical disruption.
Pigment levels found in the copepods were surpris- If cell number alone had been monitored, we might have concluded that, on average, the 200 C. helgolandicus in the experimental bottle had eaten 3.39 pg chl a and, for T. longicornis, 2.00 pg, while pigment analysis of the grazers shows that these same C. helgolandicus contained only 0.17 pg chl a-equivalent and T. longicornis, 0.42 pg, after feeding 45 min. Considering that the copepods ate inefficiently and produced pigment-containing debris could account for a maximum loss of 56 % (26 % as particulate debris + 30 % as 'dissolved') for C. helgolandicus and 65 % for T. longicornis, which would leave at least 30 to 40 % pigments to be found in the copepods' guts. The reasons why the zooplankton contained only 5 to 20 % pigments are not clear: perhaps debris losses are larger than evaluated here, as would be the case if small pigmented debris (< 0.7 pm) were underestimated by the manual destruction of Coscinodiscus wailesii cells. On the other hand, these low pigment levels can be compared to results obtained by Conover et al. (1986) These are maximum values since they assume no effects of gut passage on pigments. Thus, the overall maximum production of particulate and 'dissolved' debris in this experiment could represent 79 to 95 % of pigments present in cells ingested. These very high values, admittedly maximized by our experimental procedure, indicate the potential importance of 'sloppy feeding' in natural waters. Food breakage both changes the particle size spectrum and is a source of dissolved organic material which may be used quickly by bacteria (Fuhrman 1987 ) and phytoplankton cells.
The concentration of DFAAs per cell in Coscinodiscus wailesii is one of the highest among diatoms (Martin-Jezequel et al. 1988) . Thus, if cell breakage occurs upon feeding over a short time interval, we expect to be able to detect it. The addition of C. wailesii to culture medium did not modify significantly the initial background level of DFAAs in seawater (Fig. 4) . Companson between the concentrations of 8 amino acids measured in the food suspension controls and in the grazing bottles, at the end of the 45 min experiment, shows however no significant difference after grazing, even if pigment data bring evidence of 'sloppy feeding'. In fact, DFAAs seem to decrease in concentration (in 2 of the 3 experiments) when copepods are added to the food suspensions. Knowing the intracellular concentration of free amino acids in the cells of C. wailesii (Martin-Jezequel et al. 1988 ) and the number of cells lost during the feeding session (Table l ) , and assuming, as a maximum value, that all cells 'lost' were broken by the copepods, the addition of DFAA would b e in the range of 42 to 122 nM, corresponding to 56 to 163 n M h-' (Table 2) . Our results do not show such a n increase. The relative composition of the 8 amino acids measured " Value determined from cell counts before and after grazing In brackets-corresponding value in terms of chl a Zooplankton collected on a mesh after grazing and analyzed for pigments. Value given in pg chl a (other pigments transformed into chl a-equivalents) C Debris collected by filtration after removal of zooplankton and cells with 45 pm mesh Values (pg chl a) represent pigments collected on the various filters. 'Sum' represents the sum of pigmented debris on all 3 filters Values (pg chl a) for debris due to 'slopy feeding' corrected for debris present in the control flask (i.e. Sum-Control) also does not show any strong differences between the control and grazing flasks (Fig. 4) , whereas the amino acid composition of the algal cells is quite different from these, with a predominance in the cells of GLU and GLN, 2 amino acids which are almost absent in the control and grazing bottles after 45 min feeding. These data could therefore not effectively demonstrate amino acid enrichment due to 'sloppy feeding' by copepods. A possible explanation of these results, assuming that the pigment results are a valid proof of cell break-up, is a rapid and selective uptake of GLU and GLN during 'sloppy feeding'.
The discrepancy between release of DOC (Lampert 1978 , Olsen et al. 1986 ) and stability of net DFAAs during the feeding of copepods ( Table 2) is probably related to several factors, such as the rate of utilization by bacteria and phytoplankton, and the rate of DFAA adsorption onto the debris produced by copepods, which are likely of the same order of magnitude as the rate of enrichment. These processes are suggested by the various studies of Parks (1976 ), Fuhrman et al. (1980 , Amano et al. (1982) , Wheeler et al. (1983) , Dortch et al. (1984) and l r c h m a n & Hodson (1986). Properties of amino acids and DOC are perhaps different, and thus should be assessed in relation to the processes listed above. Eppley et al. (1981) showed that the flow of carbon to the dissolved and bacterial size fractions was enhanced by copepod grazing, although it was quantitatively limited. Although DFAAs represent a small fraction of DON produced by phytoplankton (13 to 30 O/O: Braven et al. 1984) , their rate of uptake and their rSle as nutrients for phytoplankton and bacteria are well documented (e.g. Crawford et al. 1974 , Wheeler et al. 1974 , Fuhrman 1987 . In particular, GLU and GLN are known to be rapidly and selectively utilized by bacteria (e.g. Amano et al. 1982) . Therefore, we assume that the deficit of DFAAs, as suggested by our results, is related to the selective uptake by bacteria and live cells of Coscinodiscus wailesii. In order to avoid a potential artefact or inhibition of the chemosensory feeding of copepods, no antibiotic was added to the cell and copepod suspensions. Thus, bacterial activity could not be inhibited. Roy & Poulet (unpubl.) have run experiments using freshly collected copepod fecal pellets. Addition of DFAAs due to this fecal material, reflecting another pathway linking copepod feeding activity to DFAAs, again could not be effectively measured in the experimental bottles, but was deducted from controls containing the antibiotic chloramphenicol. These type of data show that the pool of DFAAs related to copepod feeding activity (e.g. fecal pellets or 'sloppy feeding') is labile and promptly utilized by bacteria. Therefore, the deficit of DFAAs, equivalent to the potential addition due to cell break-up (Table 2) , is an index of the copepod-DFAA-bacteria link. Under non-axenic conditions, increase of DFAAs due to 'sloppy feeding' might be detected only at very small scales of time and space, corresponding to the instantaneous break-up and chemical sphere of the cells.
In summary this study provides a quantitative estimate of the losses taking place when Calanus helgolandicus and Temora longicornis feed inefficiently on Coscinodiscus wailesii under conditions favoring the inefficient use of the food ('sloppy feeding'), so as to define the maximum extent of this phenomenon. Values of 26 % loss for C. helgolandicus and 35 % for T. longicornis are found when particulate debris bigger than 0.7 pm are collected after short grazing sessions and the pigments in these debris compared with pigments in the cells removed from suspension by the grazers. These values are large enough to merit consideration in grazing investigations, especially since debris smaller than 0.7 pm were not estimated here. The conditions we used deliberately optimized the 'sloppy feeding' process, and cells as large as C. wailesii do not normally dominate phytoplankton assemblages. Hence it is difficult to conclude that such inefficient feeding is a general phenomenon. However, production of cell debris is a function of the size of both particulate food and feeder (Paffenhofer & Knowles 1978) . There is evidence (Price et al. 1983 ) that cells as small as 12 Km may be individually handled by copepods. It is thus possible that similar losses occur when much smaller copepods, or developmental stages, feed on smaller, more numerous diatoms, the relative sizes of grazers and food cells being similar to those in our own experiment. This possibility is suggested by the work of Paffenhofer & Knowles (1978) , where nauplii stages fed by breaking up cells of Rhizosolenia alata f. indica, leaving behind empty frustules.
In addition, it is likely that, even in the presence of abundant smaller cells, copepods would gain by eating a few big cells whose contents are equivalent to numerous small cells. This was observed in a study of feeding by Calanus pacificus on a n equivolume diet of Coscinodiscus angstii cells of 45 and 90 pm (Frost 1977) . The same carbon values could be obtained by the copepods by eating 78 % of the smaller cells and only 22 O/O of the big ones. This suggests that 'sloppy feeding' is likely to occur under natural conditions.
